Subcellular fractionation of rat and human cells transformed by the adenovirus type 12 (Ad-12) EcoRI-C DNA fragment showed that the 41000 mol. wt. (41K) Ela and 52K Elb proteins were present in the nucleus and cytoplasm at approximately equal concentrations. The 18K El b protein was associated with the nuclear, mitochondrial, lysosomal and membrane fractions. The 41K E la protein was also associated with various cytoskeletal structures (probably microtubules and 10 nm filaments) in Ad-12-transformed cells. The Ad-12 E1 41K and 52K proteins have been partially purified from transformed and infected cells. Using these preparations the 52K protein has been shown to exist under non-reducing conditions and probably in vivo as a 100K dimer stabilized by intermolecular disulphide bonds. The 41K protein bound strongly to histones H1 and H4 but much more weakly to H2A, H2B and H3. It did not interact with other comparable basic proteins or with the cytoskeletal components actin, tropomyosin and calmodulin. Although the 41K Ela protein bound to histones in vitro it is probable that such an interaction may not occur in vivo as very little of the adenovirus protein co-purified with chromatin from transformed cells. None of the Ad-12 E1 proteins showed any ATPase or protein kinase activity.
INTRODUCTION
It is now well established that the genetic information contained in the left-hand end of the adenovirus genome is capable of transforming cells grown in culture (Gallimore et al., 1974; Graham et al., 1974; van der Eb et al., 1977; Yano et al., 1977) . The DNA in this early region 1 has been shown to consist of two transcriptional units, namely Ela and Elb (Berk & Sharp, 1978; Chow et al., 1979) which extend from about 1.5 ~o to 11.5 % of the viral genome . In adenovirus type 12 (Ad-12) E 1 a codes for a family of closely related proteins of molecular weights about 41 000 (41K), as determined by polyacrylamide gel electrophoresis Jochemsen et al., 1980) whilst E 1 b codes for two polypeptides of molecular weights 18K and 52K. Under certain circumstances rat cells expressing only the Ela proteins may exhibit a limited transformed phenotype when grown in culture (Shiroki et al., 1979) but transformation is accomplished much more efficiently if the two E lb proteins are also expressed (Jochemsen et al., 1982; P. H. Gallimore, P. Byrd & R. J. A. Grand, unpublished results) . In adenovirus types 2 and 5, proteins of approximately similar molecular weight are encoded by the E1 DNA but these show appreciable sequence differences to the Ad-12 polypeptides.
Although considerable effort has now been expended on the characterization of the tumour virus antigens (T-antigens) involved in cellular transformation, our knowledge of the processes involved at a biochemical level is very limited. However, we have some information concerning the roles of these polypeptides in a few viruses; for example, the transforming protein of Rous sarcoma virus (RSV) (pp60v-src) has been shown to be a membrane-associated protein kinase which is particularly efficient in the phosphorylation of tyrosine residues (Collett & Erikson, 1978; Hunter & Sefton, 1980) . A number of functions have been attributed to the large T-antigen of simian virus 40 (SV40). It has been shown to possess ATPase activity (Tjian & Robbins, 1979;  IP: 54.70.40.11
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Localization of Ad-12 E1 proteins 2151 All fractions were assayed using standard methods : total protein (Lowry et aL, 1951) ; DNA (Burton, 1956) ; succinate dehydrogenase (EC 1.3. ~9.1) (Pennington, 1961 ; Michell et al., 1970) ; acid phosphatase (EC 3. l. 3 .2) (Michell et at., 1970) ; 5"-nucleotidase (EC 3.1.3,5) (Michell & Hawthorne, 1965) and lactate dehydrogenase (EC 1.1.1.27) (Stolzenbach, 1966) , Relative amounts of Ad-12 E 1 proteins in the subcellular fractions were determined by densitometric scanning of autoradiographs using an Isco gel scanner.
Cytoskeletal preparation
Two procedures were used for the preparation of cytoskeletal fractions.
Method 1. Ad-12-transformed rat embryo brain cells (Ad-12 EcoC HLREB) were washed twice with ice-cold 0.85~ saline, scraped off plastic Petri dishes with a rubber policeman and sedimented in a bench centrifuge. About 1 g (wet wt.) of packed cells was homogenized in 5 ml of buffer containing 0-6 M-NaC1, 20 mM-Tris-HCl pH 7-3, 1~o Triton X-100 using a Wheaton-Dounce tight-fitting hand homogenizer (20 strokes) at 4°C. The suspension was sonicated for 30 s and then centrifuged at 12000 g for 30 rain. The pellet was resuspended in a further 5 ml of the same buffer and centrifuged again. The precipitate from this step was taken as the cytoskeletal fraction and was dissolved in polyacrylamide gel sample buffer.
Method 2. A second cytoskeletal fraction was prepared from Ad-12 EcoC HLREB cells (1 g wet wt.) using the procedure of Gupta et al. (1982) . This was done with unlabelled and [35S]methionine-labelled cells (10 x 9 cm dishes labelled for 2.5 h with 100 ~tCi [3sS]methionine per dish). Briefly, the labelled cells were washed with phosphate-buffered saline (PBS) and then lysed with a buffer that stabilizes microtubules (50~ glycerol, 5~ dimethyl sulphoxide, 0.5 mM-MgCI2, 0.5 mM-GTP, 0.5 mM-EGTA, 0-1 ~ Triton X-100, 10 mM-potassium phosphate pH 7-0). After 5 rain the cells were harvested and centrifuged at 100000g for 60 rain at 25 °C. The pellet, containing the microtubules, was resuspended in 10 mM-Tris-HCl pH 6-8, 0.1 ~ Triton X-100 at 4 °C. The microtubules dissociate under these conditions and the microtubule-associated proteins were recovered in the supernatant after recentrifugation at 100000 g for 60 min at 4 °C.
Preparation ofchromatin. The preparation was carried out at 4 °C. Ad-12 EcoC HLBRK cells (1 g wet wt.) were homogenized in 0.25 M-sucrose, 5 mM-MgClz, 25 mM-KC1, 50 mM-Tris-HC1 pH 7.5, 0.1 ~ Triton X-100 (5 ml) using a Wheaton-Donnce tight-fitting hand homogenizer (40 strokes). The homogenate was centrifuged at 3000 g for 5 rain and the supernatant discarded. The nuclear pellet was washed twice in the same buffer followed by centrifugation, resuspended in water (20 ml) and sonicated for 30 s. Sulphuric acid was added to a final concentration of 0-2 M. Insoluble material was removed by centrifugation. The supernatant was dialysed against water and freeze-dried to give a chromatin fraction.
Partial purification of Ad-12 E1 proteins
Ad-12 Ela 41Kprotein. A number of starting materials were used as a source of protein: Ad-12 HEK 2 cells infected with Ad-12, Ad-12 EcoC HLREB cells and rat tumour material produced by injection of Ad-12 EcoC or Ad-12 AccIH transformed cells into syngeneic rats (P. H. Gallimore, unpublished results). Tissue or ceils were suspended in 7 M-urea 50 mM-Tris-HC1 pH 7.5, 15 mM-2-mercaptoethanol (buffer A) (approximately 1 g :30 ml) homogenized for 60 s using an Ultra-Turrax and centrifuged at 40 000 g for 30 min. The supernatant was retained and ethanol slowly added, with constant stirring, to a final concentration of 55 ~. After 5 min the precipitate was sedimented by centrifugation at 5000 g for 15 min and discarded. More ethanol was added to the supernatant to a concentration of 85~o. The precipitate was pelleted by centrifugation at 5000g for 15 min. The supernatant was discarded, the pellet redissolved in about 10 ml of buffer A, dialysed against the same buffer for a few hours and then chromatographed on a column (2 x 10 cm) of DEAE-cellulose equilibrated with buffer A. Protein was eluted with a NaC1 gradient (0 to 0.4 M, 2 × 400 ml) and 7 ml fractions collected. Ad-12 E1 proteins were detected in the fractions and in the original ethanol fractionation by electrophoresing aliquots (25 ~tl) on polyacrylamide gels followed by 'Western blotting'. The Ela proteins were eluted at a conductivity of 10 to 11.5 mS/cm. Fractions were pooled, concentrated using Aquacide II and dialysed against buffer A.
Ad-12 Elb 52Kprotein. This preparation was carried out at 4 °C. For large-scale preparations of Ad-12 Elb 52K protein either Ad-12 HEK 2 or Ad-12-infected Ad-12 HEK 2 cells (generally 2 to 5 g wet wt.) were harvested, washed in ice-cold saline and homogenized in buffered 0.32 M-sucrose (approximately 5 ml/g cells). Nuclei and unbroken cells were removed by centrifugation at 2000g for 5 min. The precipitate was resuspended in sucrose and centrifuged once more. The two supernatants were combined and NaC1 was added to a final concentration of 0.8 M. Membrane fragments were removed by centrifugation at 110000 g for 1.5 h. A protein fraction, containing Ad-12 52K protein, was precipitated from this cytosol preparation by the addition of ammonium sulphate to 30~ saturation and then chromatographed on a column (1.6 x 90 cm) of Bio-Gel A-1.5m (200 to 400 mesh) equilibrated and eluted with 50 mM-Tris-HC1 pH 7.4, 0.02~ NaN 3 or Ultrogel ACA34 equilibrated in the same buffer. In some of the runs 0.5 mM-dithiothreitol (DTT) was included in the buffer. Fractions were collected (2.5 ml) and aliquots from these (20 ~tl) subjected to SDS PAGE followed by 'Western blotting'. Those fractions containing the major peak of 52K protein were pooled, concentrated using Aquacide II and dialysed against 50 mM-Tris-HC1 pH 7-4, 0.02~ NaN 3.
Preparation of other proteins. Histone H2B was prepared from rabbit liver and myelin basic protein from bovine brain by the methods described by Grand & Perry (1980) . Actin and tropomyosin were purified from smooth muscle (Spudich & Watt, 1971 ; Cummins & Perry, 1973) , troponin I from rabbit skeletal muscle (Ebashi et al., 1971) and calmodulin from bovine brain using standard procedures. Other histones were purchased from Sigma or Boehringer Mannheim.
Assayjbrprotein kinase activity and A TPase activity. In an attempt to examine whether any protein kinase activity was associated with the Ad-12 El proteins, extracts of Ad-12 HEK 2, Ad-12 EcoC HLBRK, Ad-12 ttindIII-G HLBRK and Ad-12-infected HEK cells were immunoprecipitated essentially as described by Paraskeva et al. (1982) . A minor modification was introduced in some experiments in that Protein A Sepharose conjugate (Sigma) was used in place of 'Pansorbin' for the sedimentation of the antibody-antigen complexes. The final washed precipitate (comprising Ad-12 E1 proteins, antibodies to these proteins and either Protein A Sepharose or Pansorbin) was incubated in the presence of ['y-3-'P]ATP (3000 Ci/mmot; Amersham) under a variety of conditions. These included incubations at either 25 °C, 30 °C or 37 °C for periods of 1 min to 20 rain. Generally, the immunoprecipitate was suspended in 25 mM-Tris HCI pH 7.2, 10 mM-MgCI_, ; the effect of a number of added reagents was investigated which included DTT (1 mM), CaCI2 (1 mM) and EDTA (1 mM). Two protein substrates, arginine-rich histone fraction (50 ~tg; Sigma) and chicken gizzard actin (50 ~tg), were also included at various times. After incubation the digests were subjected to SDS-PAGE using the system described above. After electrophoresis, the gels were stained, destained, dried and autoradiographed.
The ATPase activity of the Ad-12 E 1 proteins was investigated using the covalent affinity labelling procedure of Clertant & Cuzin (1982) with slight modification. The cells from two 9 cm Petri dishes of each of three cell lines (Ad-12 EcoC HLBRK, Ad-12 HindlII-G HLBRK and SV HhalA/HLREB) were suspended in the lysis buffer (0.7 ml) described by Clertant & Cuzin (1982) , sonicated and centrifuged to remove undissolved material. Aliquots (50 rtl) from each cell line were incubated with periodate-oxidized [c~-32P]ATP (10 gCi), prepared as described in the original method, at 0 °C for 16 h. Viral proteins were immunoprecipitated using appropriate tumour bearer sera, subjected to SDS PAGE and detected after autoradiography. Each of the three cell lines was also radiolabelled using [35S]methionine (100 ~tCi/9 cm dish) and the viral proteins immunoprecipitated by the method of Paraskeva et al. (1982) ; this was included as a control for the immunoprecipitation procedure.
RESULTS
In all of the experiments described here, similar results have been obtained with the transformed REB and BRK cells. Also, proteins purified from these cell lines and the transformed human cell lines were indistinguishable.
Subcellular fractionation of Ad-12-transformed rat and human cells
Enriched nuclear, mitochondrial, lysosomal, membrane and cytosol fractions were obtained after centrifugation of homogenates of transformed rat and human cell liiaes. With [35S]methionine-labelled cells the pellet from each step was dissolved in lysis buffer; the cytosol fraction was diluted 1 : 1 with the same buffer. Samples containing similar amounts of radioactivity were subjected to immunoprecipitation and the Ad-12 E1 proteins run on polyacrylamide gels in the presence of SDS (Fig. 1 a) or of 6 M-urea (Fig. 1 b) . Autoradiographs were subjected to densitometric scanning and the total amounts of the three Ad-12 E1 proteins and the cellular p53 present in each fraction were calculated ; these results are presented in Table 1 . Appreciable amounts of all three Ad-12 proteins were present in the nuclear-enriched fraction as well as virtually all of the p53 protein. Little or no 52K or 41K protein was found in the mitochondrial, lysosomal or membrane fractions although each of these contained Elb 18K protein.
Much of the 52K and 41K proteins appeared to be located in the soluble (cytosol) fraction of the cells. Fig. l(b) shows the subcellular distribution of the Ela family of proteins in more detail. Proteins are separated on the urea gel on the basis of charge as well as size so that what appears as a single band after SDS-PAGE (Fig. 1 a) may be resolved into a number of components using the urea gel system. The Ela family of proteins can be seen as a series of fast-running bands, whilst the Elb proteins remain at the origin under these conditions. The major Ela proteins immunoprecipitated from the initial extract were visible in the nuclear and cytosol fractions with virtually no difference in the relative intensities of the bands. Aliquots containing similar amounts of radioactivity were immunoprecipitated using rat tumour bearer sera (TBS) and then subjected to PAGE in the presence of (a) SDS or (b) 6 M-urea. (a) Lane l, 14C-labelled marker proteins (myosin heavy chain, 220K ; phosphorylase B, 92.5K ; BSA, 66K ; ovalbumin, 44K ; c~-chymotrypsinogen, 26K; /3-1actoglobulin, 18K ; cytochrome c, 12K); lanes 2 to 4 unfractionated cells; lanes 5 to 8, nuclear fraction; lanes 9 to 12, mitochondrial fraction; lanes 13 to 16, lysosomal fraction; lanes 17 to 20, membrane fraction; lanes 21 to 24, cytosol fraction; lanes 25 to 28, HEK cells infected with Ad-12. Lanes 2, 5, 9, 13, 17, 21 and 25 were immunoprecipitated with normal rat serum, lanes 3, 6, 10, 14, 18, 22 and 26 with TBS containing antibodies to the three Ad-12 El proteins ('Eco antibody'), lanes 7, 11, 15, 19, 23 and 27 with TBS containing antibodies to the Ad-12 Ela proteins ('AccIH antibody'), and lanes 4, 8, 12, 16, 20, 24 and 28 with TBS containing antibodies to p53 (AI7 antibody). O, Origin. (b) Lanes 1 and 2, unfractionated cells; lanes 3 and 4, nuclear fraction; lanes 5 and 6, mitochondrial fraction; lanes 7 and 8, lysosomal fraction ; lanes 9 and 10, membrane fraction ; lanes I l and 12, cytosol fraction ; lanes 13 and 14, Ad-12-infected HEK cells. Lanes 1, 3, 5, 7, 9, 11 and 13 were immunoprecipitated with TBS containing 'Eco antibody', and lanes 2, 4, 6, 8, 10, 12 and 14 with TBS containing AccIH antibody. No radioactive bands could be seen in samples immunoprecipitated with normal rat or A17 serum. O, Origin. Lanes 9 to 14 were run at a different time to lanes I to 8. c o n t a i n i n g equal a m o u n t s of protein) were subjected to P A G E followed by ' W e s t e r n b l o t t i n g ' (data not shown). E a c h subcellular fraction was assayed for a n u m b e r of m a r k e r e n z y m e s a n d the data from one of these studies ( c o r r e s p o n d i n g to the fractions s h o w n in Fig. 1 ) are s u m m a r i z e d in T a b l e 2. withdrawn from the fractions at the different stages during the preparations and subjected to SDS-PAGE followed by 'Western blotting'. Fig. 2 shows a typical set of results from such an experiment. It can be seen that there was a distinct enrichment of Ad-12 Ela protein in the cytoskeleton fractions obtained by both methods.
Preparation of cytoskeletal Jractions Jmm Ad-12-trans/ormed rat cells
Only small amounts of Ad-12 E 1 b proteins seemed to be associated with these fractions. Little or no Ad-12 protein was visible in the 'starting material' lanes since only small amounts of these samples were applied to the gel (in order to keep the concentration of protein in each lane equivalent). Identification of the low molecular weight band (13K) visible in lanes 8 and 9 will have to await further investigation. Similar results were obtained with the Ad-12-transformed BRK and REB cell lines.
[35S]Methionine-labelled Ad-12 EcoC HLBRK cells were also used for the preparation of cytoskeleton fraction using Method 2. PAGE showed increased amounts of 41K protein in the cytoskeletal fraction (data not shown).
Partial purification o fAd-12 E1 proteins
In any study which tries to ascribe specific functions to the Ad-12 E1 proteins two major approaches may be considered. Attempts may be made either to detect particular enzymic activities associated with the transforming proteins or to look for specific sites of proteinprotein interaction involving the T-antigens. This latter, probably simpler, approach has been adopted for some of the experiments described here. Protein protein interactions may be studied either in vivo as in the localization studies or using purified cellular proteins (see below).
To obtain suitable material for such a study we decided to purify partially the Ad-12 E1 41K and 52K proteins so that interaction studies would not be confused by the large excess of cellular proteins.
Partial purification of (Fig. 3) A similar procedure to that described here has been used with considerable success in the isolation of other relatively low molecular weight acidic proteins, for example the calciumbinding proteins calmodulin and troponin C and the light chains of myosin (Grand & Perry, 1983) . Solubilization of transformed cells or tumour tissue in the presence of 7 M-urea followed by differential precipitation by the addition of increasing concentrations of ethanol resulted in appreciable initial purification of the 41K protein (Fig. 3) . Most of the contaminating protein was collected in the 0 to 55 ~ ethanol fraction whereas the 41K protein was only precipitated by the addition of ethanol to 85~. This fraction was then chromatographed on a column of DEAE52 (Fig. 3) . After concentration, those fractions containing Ad-12 41K protein were used for the interaction studies described below. Further chromatography on gel filtration media (either Ultrogel ACA34 equilibrated and eluted with 50 mM-Tris-HC1 pH 7.5 at 4 °C or Sepharose-6B equilibrated and eluted with buffer A) did not result in appreciably improved purification and was not considered necessary for these interaction studies. The 41K protein obtained after this preparative procedure was still impure as a n u m b e r of major bands of various molecular weights could be seen after SDS P A G E , none of which had a molecular weight of 41000 (bands were only visible using silver stain). Preparations of 41K E l proteins were indistinguishable whether they were prepared from transformed rat or h u m a n cells or tumour material. A single radioactive band was visible after S D S -P A G E and two bands of similar intensity after P A G E in the presence of urea presumably corresponding to the proteins translated from the 12S and 13S m R N A s (Perricaudet et al., 1980) . (Fig. 4) The 52K protein was isolated from a cytosol fraction of transformed h u m a n or rat cells or Ad-12-infected Ad-12 H E K 2 cells as described in Methods A-l.5m or Ultrogel ACA34. Small amounts of the 52K protein could be detected in the excluded volume (fraction 33) of the column after gel filtration (Fig. 4) presumably due to the fact that it was bound to a high molecular weight component. If chromatography was performed in the absence of reducing agent the major peak of 52K protein was eluted rather earlier, suggesting that polymerization had occurred. Calibration of the column with standard proteins allowed an approximate molecular weight to be determined; in the absence of reducing agent the molecular weight of the protein was about 100K whereas if chromatography was performed in the presence of reducing agent, values of 50K to 60K were obtained. It was also noted that if no 2-mercaptoethanol was added to aliquots from the column fractions prior to SDS-PAGE the major adenovirus protein observed had a molecular weight of 98K. The addition of increasing amounts of reducing agent to samples before electrophoresis converted most of the 98K protein to the monomer (52K) at about 0.5 mM-DTT (Fig. 5) .
Characterization of the Jractions obtained by differential centriJugation of Ad-12 EcoC HLBRK cells

Partial purification of Ad-12 Elb 52K protein and its dimerization
It was therefore apparent that the Ad-12 Elb 52K protein readily combined with itself or some other protein to form a complex with a molecular weight twice that of the original. In view of the observation of Sarnow et al. (1982) that Ad-5 58K protein is complexed to the host p53 protein the possibility that such an interaction might occur in Ad-12 was investigated. Column fractions that had been shown to contain Ad-12 52K protein were tested with SVA17 antisera. In all cases it was found that no host p53 was associated with the Ad-12 52K protein which was present in the cytoplasmic extracts. Most p53 in the Ad-12 HEK 2 and Ad-12 EcoC HLBRK cells was associated with the nuclear fraction (see above).
Extracts from the two Ad-12-transformed cell lines (Ad-12 HEK 2 and Ad-12 EcoC HLBRK) were subjected to a number of different separation procedures in the presence of excess reducing agent. After chromatography on DEAE-cellulose, CM-cellulose and Ultrogel ACA34 columns the Ad-12 52K protein always ran on polyacrylamide gels in the presence of SDS with a molecular weight of about 100K when no reducing agent was present (data not shown). It is very unlikely, in view of this result, that the increase in molecular weight was due to complex formation with another protein, but is more likely caused by a dimerization stabilized by one or more intermolecular disulphide linkages.
When aliquots of Ad-12-infected HEK cells were subjected to SDS-PAGE, in the Fig. 6 . Electrophoretic analysis of the interaction between partially purified Ad-12 Ela 41K protein and various cellular proteins. Proteins were electrophoresed on 15~ polyacrylamide gels run in the presence of 6 M-urea/14 mM-Tris/90 mM-glycine pH 8.3 for twice the time it took the bromophenol blue tracking dye to migrate the length of the gel. Gels were subjected to 'Western blotting' in the usual way. Each lane contained 10 gl partially purified 41K protein in 6 M-urea, 50 mM-Tris HC1 pH 7.5. The following additions were made : lane 1, no addition; lanes 2 to 6, histone H 1 ; lanes 7 to 11, histone H2A; lanes 12 to 16, histone H2B; lanes 17 to 21, histone H3 ; lanes 22 to 26, histone H4; lanes 27 to 31, histone mixture; lanes 32 to 33, troponin I (TNI); lanes 34 to 35, myelin basic protein (MBP). The amounts of added proteins were as follows: lanes 2, 7, 12, 17, 22, 27, 32, 34, 5 ~tg; lanes 3, 8, 13, 18, 23, 28, 33, 35, 2.5 pg; lanes 4, 9, 14, 19, 24, 29, 1-5 jag; lanes 5, 10, 15, 20, 25, 30, 0.4 btg; lanes 6, 11, 16, 21,26, 31,0 .1 gg. O, Origin.
I
O absence of reducing agent, and Ad-12 proteins detected by ' W e s t e r n blotting' it was observed that all of the 52K E l b protein was present as a m o n o m e r in the initial stages of infection (approx. 24 h), but after about 30 h increasing amounts of 100K dimer could be seen.
Protein-protein interactions involving Ad-12 E1 41K protein
Interactions with a n u m b e r of cellular proteins were investigated by electrophoresing mixtures of the partially purified Ad-12 41K protein and the test protein on polyacrylamide gels run at p H 8.3 in the presence of 6 M-urea but in the absence of SDS. The gels were then blotted and probed with antibody to 41K protein in the usual way. W h e n 41K protein alone was run two strong bands could be seen. W h e n other proteins were added some of these caused a reduction in the intensity or complete loss of the 41K band leaving the lane clear as the complex formed had not migrated into the gel. In some cases a new band could be detected o n the gel due to the migration of the cellular p r o t e i n -4 1 K protein complex ( G r a n d & Perry, 1980) . W h e r e there was no reduction in intensity of the 41K band it was considered that no complex formation had taken place under the conditions specified. Since the Ad-12 E l a 41K protein is acidic (based on the predicted amino acid sequence the E 1 a proteins have net charges of -35½ and -36½ respectively at pH 7 assuming histidine residues carry a ½ positive charge) and appreciable amounts of it are located in the nucleus of transformed and infected cells we have examined the possibility of its interaction with various histones. Increasing amounts of histone (0-1,0.4, 1-5, 2.5, 5 lag) were added to 41K protein (10 gl) in the presence of 7 M-urea. The following mammalian proteins were tested : a histone mixture, purified H1, H2B, H4 and fractions containing somewhat impure H2A and H3. It can be seen (Fig. 6 ) that large amounts of H2A, H2B and H3 were required to stop the adenovirus protein migrating into the gel whereas much smaller amounts of H 1 and H4 reduced the intensity of the 41K band. It is reasonable to suppose that the interaction with these latter histones is much stronger than with the others. It can also be seen that the complex formed between the 41K protein and H3 migrated into the gel (lanes 17 and 18, Fig. 6 ) whereas the others remained at the origin. The interaction of two other very basic proteins, bovine brain myelin basic protein and rabbit skeletal muscle troponin I, was also examined, neither of which interacted with the E 1 a proteins. As the 41K protein has been shown to be associated with the cytoskeleton, possible interaction with three of the major cytoskeletal constituents (actin, calmodulin and tropomyosin) was also examined using a similar gel system to that described for the histones. No interaction could be observed under these conditions or when the gels were run in the absence of urea (i.e. much less stringent conditions).
Examination o f Ad-12 Ela 41K: histone interaction in vivo
If such an interaction occurs in vivo it might be supposed that the 41K protein would be present in appreciable amounts bound to histones in the chromatin. However, when chromatin, prepared as described in Methods, was subjected to S D S -P A G E followed by 'Western blotting' little or no adenovirus protein could be detected.
A second test of whether a complex exists in vivo was performed by immunoprecipitation of [35S]methionine-labelled Ad-12 EcoC HLBRK cells with a rabbit antibody to histone HI. It was not possible to assess these results unequivocally as small amounts of 3sS-labelled protein of molecular weight about 40K were precipitated with all sera used (including normal rat serum). Therefore, an alternative assay system was employed in an attempt to reduce non-specific interactions and anomalous results to a minimum. Histone H1 was immunoprecipitated from unlabelled Ad-12 EcoC HLBRK cells with the rabbit antibody and run on polyacrylamide gels in the usual way. However, the gel was then subjected to 'Western blotting' using Ad-12 TBS (containing antibody to the 41K protein only) followed by 1 zSi_labelled sheep anti-rat IgG. Very small amounts of 41K protein could be detected in these samples immunoprecipitated with the antibody to H1 but not in those where the normal rabbit serum had been used.
Protein kinase and A TPase activity
A number of workers (Lassam et al., 1979; Raska et aL, 1979; Branton et at., 1981) have reported that protein kinase activity is associated with one or more of the Ad-5 and Ad-12 early proteins. We have attempted to reproduce these observations using a variety of different transformed cell lines or Ad-12-infected cells and a number of different incubation conditions. On several occasions small amounts of 32p were incorporated into either immunoglobulin heavy chain or an added arginine-rich histone fraction when these were incubated with immunoprecipitates from Ad-12 transformed or infected cells. However, the extent of phosphorylation was never very marked and was virtually the same whether normal rat serum or Ad-12 rat TBS was used for the immunoprecipitation.
As well as possessing protein kinase activity a number of viral tumour antigens have been found to be ATPases, for example large T-proteins from polyoma (Gaudray et al., 1980) and SV40 (Tjian & Robbins, 1979; Giacherio & Hager, 1979) . Using covalent affinity labelling with periodate-oxidized [~-3zp]ATP as described by Clertant & Cuzin (1982) we could detect no ATP binding by any of the three Ad-12 E1 proteins immunoprecipitated from an Ad-12 EcoC HLBRK cell line (Fig. 7) , an Ad-12 EcoC HLREB cell line (data not shown) and an Ad-12 HindIII-G HLBRK cell line (data not shown). However, immunoprecipitation of the SV40-transformed rat cell line with SV40 TBS, after affinity labelling, confirmed that large T-antigen (molecular weight approximately 100K) bound the modified ATP derivative strongly. The same cell lines were also labelled with pSS]methionine and the turnout antigens immunoprecipitated to check that any Ad-12 or SV40 proteins binding the oxidized ATP derivative coelectrophoresed with the known tumour antigens (Fig. 7) .
DISCUSSION
Although our knowledge of which adenovirus genes are required for the transformation of rat and human cells is now considerable we still have virtually no clues as to what functions the viral polypeptides perform when expressed in the transformed or even infected cells. In an attempt to answer these vital questions we have begun a systematic study of the function of the Ad-12 early region 1 proteins. It is quite possible that some or all of them may possess specific enzymic functions in the host cell but such a function is only likely to be serendipitously detected; therefore, in the work reported here, we have concentrated mainly on localization studies of the proteins followed by investigations of possible protein-protein interactions between Ad-12 E1 proteins and defined cellular proteins.
Previous studies have generally used immunoprecipitation with TBS, followed by SDS-PAGE, as the method of detecting adenovirus proteins. However, in the work presented here we have successfully adapted the 'Western blotting' procedure for routine monitoring of the Ad-12 E1 proteins. This technique offers two major advantages over immunoprecipitation: firstly, results are obtained much more rapidly, indicating increased sensitivity which is particularly useful when studying a system such as this where the E1 proteins account for only a very small percentage of the total cellular protein (probably less than 0.01 ~) and, secondly, the costs are much reduced as the method does not require the use of large amounts of [3SS]methionine. It does, however, suffer from a disadvantage in that the detection of the Elb 18K protein is very inefficient. This may be due to poor transfer to the nitrocellulose filter but is more probably explained by the fact that the antigenic site on the protein does not survive denaturation in the presence of SDS.
Using the simple technique of differential centrifugation it is not possible to obtain one subcellular fraction uncontaminated by others; however, the results presented here show that a reasonable fractionation was achieved (Table 2) . Some cross-contamination was noticeable in the mitochondrial, lysosomal and membrane fractions but this is unimportant from the point of view of the 52K and 41K proteins since they are not present in any of these fractions. The fact that relatively little DNA (or p53) is visible in the cytosol indicates that the Ad-12 proteins there do not arise from lysis of cell nuclei during the homogenization procedure. It is probable that a limited number of unbroken cells could have sedimented with the nuclear fraction [as evidenced by the relatively high level of lactate dehydrogenase (Table 2 )], but discounting this possible source of error there can be little doubt that there are two distinct locations for the two large E 1 proteins, the nucleus and the cytosol. Whether this represents a functional as well as a spatial distribution is not clear at present. It seems unlikely, however, that the cytosol 41K and 52K proteins simply represent newly synthesized material (i.e. in transit from the ribosomes to the nucleus) because of their comparatively higher concentration and because p53, which might reasonably be expected to turn over at a similar rate, cannot be detected in this fraction.
These results are in general agreement with a number of recently published reports Yee et al., 1983; Feldman & Nevins, 1983) in which it was shown, using mainly immunofluorescence techniques, that in Ad-5-infected cells most of the Ela proteins and the Elb 58K protein were located in the nucleus and cytoplasm. Previous immunofluorescence studies in our laboratory using TBS have also suggested a distribution of Ad-12 52K and 41K proteins similar to that obtained with the subcellular fractionation (P. H. Gallimore, unpublished results) . In none of the other studies mentioned above has any attempt been made to separate any cellular organelles besides nuclei so it is not clear whether there is any interaction between adenovirus proteins and mitochondria or lysosomes in infected cells.
Most of the p53 cellular protein has been shown to be located in the nucleus of a number of transformed fibroblast cell lines (Gurney et al., 1980; Dippold et al., 1981) . We have obtained similar results for the Ad-12-transformed human and rat lines described here. The small amount of p53 immunoprecipitated from the mitochondrial fraction in Fig. 1 and Table 1 is almost certainly due to imperfect separation of the two sets of organelles. It is possible that the Ad-12 E lb 52K protein located in the nucleus is complexed to p53 since it has been shown that in SV40-transformed cells (Linzer & Levine, 1979; Lane & Crawford, 1979 ) the nuclear large T-antigen and in Ad-5-transformed cells (Sarnow et al., 1982) some of the 58K E 1 b protein bind the cellular protein. Sarnow et al. (1982) found that all of the p53 is present in the complex whereas free 58K protein is also present in the transformed cells. From a consideration of these results and those presented here it could be suggested that nuclear Ad-12 Elb 52K is complexed to p53 whereas cytoplasmic Ad-12 E 1 b 52K is unbound. Preliminary data indicate that when a nuclear fraction is run on polyacrylamide gels in the presence of 6 M-urea no Ad-12 52K migrates into the gel presumably because it is complexed to another protein whereas if the cytoplasmic fraction is electrophoresed the 52K protein migrates with about one-third of the mobility of the 41K family of proteins (R. J. A. Grand & P. H. Gallimore, unpublished results) .
Although it has not yet been possible to purify the Ad-12 Elb 52K protein to homogeneity, studies using partially purified material have shown that this protein undergoes rapid polymerization in vitro and probably in vivo to form a 100K dimer which is stabilized through intermolecular disulphide bridges. It is not clear whether this dimerization is necessary for the biological activity of the protein but since the interaction is very rapid and specific (i.e. the 52K protein does not appear to form disulphide linkages with any other protein under oxidizing conditions) it is probable that this is the form in which the protein normally exists in the transformed cell and in the infected cell except at times early in infection. Whether this quaternary structure is required for the suggested interaction with p53 is not yet clear.
The distribution of the 18K protein is rather more widespread within the cell than is the case for either of the other Ad-12 E 1 proteins. We have shown previously (R. J. A. Grand, C. Roberts & P. H. Gallimore, unpublished data) that the protein is acylated in both transformed and infected cells and may be detected on the cell surface. Results presented in Fig. 1 and Table 1 confirm that the protein is membrane-associated and it is probably integrated into the membranes surrounding the nucleus, mitochondrion and lysosome as well as the plasma membrane. This observation is in agreement with recent findings for the Ad-2 E 1 b 15K protein (Persson et al., 1982) and the Ad-5 19K protein which are also membraneassociated.
Electrophoresis of the Ela proteins on gels in the presence of 6 M-urea allows a number of components to be simply and well resolved. Whilst there appear to be only minor differences between the components present in the whole cell, nuclear and cytosol fractions in transformed cells, an additional very acidic component can be seen in Fig. 1 (b) in infected cells. A protein of this type might account for the differences noted by Rowe et al. (1983) for the distribution of E 1 a proteins between cytoplasmic and nuclear extracts after Ad-5 infection. Using this gel system, however, we have been able to show that the two major Ela proteins are synthesized synchronously during the early stages of infection (R. J. A. Grand & P. H. Gallimore, unpublished results) .
Electrophoresis of protein-protein complexes on polyacrylamide gels in the absence of SDS has been used in the past to demonstrate important interactions which also occur in vivo (e.g. Head & Perry, 1974; . Using a similar system, we have investigated possible interactions which might occur in Ad-12-transformed cells. As the Ela proteins are particularly acidic the most obvious nuclear targets are histones and it can be seen from the data presented in Fig. 6 that 41K protein interacts strongly with H1 and H4. It is likely that this is not simply an acid/base interaction as there is no evidence for interaction with other equally positively charged polypeptides (troponin I and myelin basic protein). However, our inability to demonstrate significant levels of 41K protein associated with the chromatin possibly indicates that such an interaction may not occur in ~,ivo. This is supported by the observations of Feldman & Nevins (1983) who found in Ad-5-infected cells that the portion of the Ela protein present in the nucleus co-purifies with the nuclear matrix.
The presence of 41K E 1 a protein associated with the cytoskeleton suggests that this may be one way in which Ad-I 2 proteins alter the morphology of transformed cells. Because of the complexity of the cytoskeletal system a large number of interaction sites are feasible. We have found that the 41K protein is solubilized when the microtubules are depolymerized and it is therefore possible that it is associated with tubulin or one or more of the microtubule-associated proteins. There is a considerable difference in the relative intensities of the 52K and 41K proteins in the microtubule fraction and the supernatant (Fig. 5) ; therefore, it appears that an appreciable proportion of the extranuclear E la protein is bound to the microtubular structures. There is also an enhancement of 41K protein in those cytoskeletal features remaining after extraction of the cells with detergent and high ionic strength buffer. It is therefore probable that in transformed cells the Ela protein is associated with the 10 nm filaments as well. In the case of the 10 nm filaments this only accounts for a small proportion of the total adenovirus protein.
A number of the viral proteins involved in transformation have been shown to possess particular enzymic activities : the best known example of this is the pp60v-src from RSV, which is a protein kinase of high specific activity (Collett & Erikson, 1978) . Similarly, the large T-antigens from polyoma and SV40 have the ability to bind and hydrolyse ATP. The results presented here confirm that the SV40 T-antigen present in a transformed rat cell line binds ATP but none of the Ad-12 early region proteins shows any ATPase activity at all. Whether this indicates that transformation by, for example, SV40 and polyoma is an intrinsically different process to transformation by Ad-12 is not clear at present.
A number of workers have presented evidence which suggests that one or more of the adenovirus early proteins is a protein kinase which is capable of phosphorylating immunoglobulin heavy chain and histone H3 (Branton et al., 1981) . However, we have found that the same low levels of protein kinase activity can be immunoprecipitated from Ad-12-infected cells, whether normal rat serum or specific TBS are used. Raska et al. (1979) have also made similar observations although they did see somewhat higher kinase activity when specific antisera were employed. However, we suggest that in view of our results, the Ad-12 Ela and Elb proteins are not protein kinases and the slight kinase activity observed is present as a contaminant.
Although most reports have so far provided little direct evidence of the mode of action of the adenovirus T-antigens, molecular biology studies have suggested certain general functions for the E 1 a and E l b proteins. It is probable, at least during Ad-5 infection, that the products of E1 a regulate the level of expression of the E 1 b proteins (Berk et al., 1979; Jones & Shenk, 1979) . This may well be achieved by the action of the former of these on certain cellular processes (Nevins, 1981 ; Persson et al., 1981 ; Katze et al., 1981) . The recently recognized similarity of parts of the amino acid sequences encoded by Ad-12 Ela and the v-myc and v-myb oncogenes (Ralston & Bishop, 1983) indicates that these proteins might play a similar role in transformed cells. Also, the fact that polyoma middle T-antigen and the T 24 H-ras 1 gene are able to replace Ad-2 E I b (i.e. they will complement Ad-2 E 1 a) in the transformation of BRK cells could indicate a similar function (Ruley, 1983) . It is hoped that research in the near future will be able to confirm whether features which adenovirus proteins and the oncogene products have in common are significant to transformation and oncogenesis.
